A neutral amino acid change in segment 11S4 dramatically alters the gating properties of the voltage-dependent sodium channel ( 
Voltage-dependent sodium channels mediate the main component of the inward current during action potential propagation by excitable tissues. Purified sodium channels from various sources have in common a 260-kDa glycoprotein a subunit that forms the transmembrane ion pore (1) , Although the channels isolated from eel electroplax channel contain only this a subunit, mammalian sodium channels have smaller associated subunits. Rat brain sodium channels copurify with two smaller subunits termed p1 (36 kDa) and ,32 (33 kDa) (2) , and the rabbit skeletal muscle sodium channel copurifies with one f3 subunit (38 kDa) (3) . The functional significance of these 8 subunits has not been determined. Oocyte expression experiments indicate that a low molecular weight brain protein, possibly a /3 subunit, though not essential for a subunit function, contributes to rapid sodium channel inactivation under the expression conditions tested (4, 5) .
The cDNAs encoding the a subunits of sodium channels from eel electroplax (6) , rat brain (rat I, II, IIA, and III) (4, 7, 8) , rat skeletal muscle (9) , and Drosophila (10, 11) have been cloned. The primary sequences indicate that each a subunit contains four internal homology domains, each of which has been predicted to contain either six (7) or eight transmembrane segments (12, 13) . When injected into frog oocytes, the a subunits from rat brain and skeletal muscle form functional sodium channels (4, 9, 14, 15) , although the inactivation properties of the expressed channels are altered (4, 9) . With cloning and expression of several a subunits achieved, research now centers on studies to identify structural elements that function in the critical channel properties of activation, inactivation, and ion selectivity.
Each of the four sodium channel homology domains contains a motif, termed S4, which consists of a 20-residue segment containing positive charges at every third position interspersed with largely nonpolar residues. This S4 motif has been postulated to form a critical element of the voltage sensor (1, 7) . The cDNAs encoding voltage-dependent calcium and potassium channels have also been cloned (16, 17) . Within both of these sequences is a region of striking similarity to the sodium channel S4 motif, supporting the idea that S4 is a critical element in the voltage-dependent channel mechanism. Further support has been provided by mutations introduced into the positive residues of S4, which alter the voltage dependence of channel activation (18) .
In previous studies we have constructed a sodium channel a subunit cDNA (rat IIA) from seven overlapping partial cDNA clones (4) . Translation of rat IIA RNA in Xenopus oocytes produced channels with a current-voltage (I-V) relationship that was shifted 20-25 mV in the depolarizing direction, inactivated at a slower rate, and decreased more rapidly during repetitive stimulation (unpublished data) than did brain poly(A)+ RNA-induced currents. Coinjection of low molecular weight rat brain RNA increased the rate of macroscopic inactivation to levels comparable to the poly(A)+ RNA-induced channels but had no effect on the shift in the I-V relationship.
In contrast to our results with rat IIA channels, channels produced in oocytes from rat II RNA displayed a I-V relationship that was virtually identical to that for channels expressed from poly(A)+ RNA (15) . This result suggested that structural differences between rat IIA and rat II were responsible for the observed differences in channel activation. In the present study we have used specific mutagenesis of the rat IIA cDNA to identify a single residue that causes this difference.
MATERIALS AND METHODS
Sequencing. The complete sodium channel cDNA from pVA200 was restricted with various enzymes (Sau3A, Hinfl, BstNI, Mae II, Hae III), and the resulting fragments were subcloned into pGEM7-Z (Promega Biotec). Single-stranded DNA was produced and sequenced using Sequenase (United States Biochemical) (19) .
Proc. Natl. Acad. Sci. USA 87 (1990) Site-Directed Mutagenesis. Small [1 kilobase (kb) ] regions of sodium channel cDNA covering the nucleotide to be altered were subcloned into pGEM7-Z. A modified version of the due, ung-procedure outlined by Kunkel and colleagues (20, 21) was used with 20-base-pair (bp) oligonucleotides containing a single base pair mismatch. The resulting colonies were screened by radiolabeled oligonucleotide hybridization and sequenced. The modified fragment was then inserted into the full-length sodium channel cDNA (pVA200).
Expression of a Subunit mRNA in Xenopus Oocytes. Functional channel mRNAs were generated by linearizing each construct with Cla I and transcribing in vitro with T7 RNA polymerase as described (4, 22) . Individual oocytes were injected with 7 ng of each RNA except for M860, for which 0.7 ng was injected. Seventy nanograms of poly(A)+ RNA and 7 ng of RNA from the original construct (pVA200) were injected as controls. After 2 days at 20'C the oocytes were analyzed using a two-electrode voltage clamp as described (4, 5) . The recording solution consisted of 96 mM NaCl, 2 mM KCI, 1.8 mM CaC12, 1 mM MgCl2, and 5 mM Hepes (pH 7.5). Passive and capacitive components were eliminated by subtraction of equivalent records obtained in the presence of 400 nM tetrodotoxin (TTX).
RESULTS
Two Closely Related Sodium Channel Sequences. We have previously reported that the DNA sequence of the seven cDNAs used to construct the full-length rat IIA cDNA indicated only 36 nucleotide differences from the sequence reported for rat II. Most of these differences are in third codon positions, and in total they result in only six amino acid substitutions between the two predicted proteins (4). We have now resequenced the full-length rat IlA construct, pVA200. The results confirm the presence of the 36 nucleotide differences and have uncovered a previously undetected nucleotide difference at position 2580. This additional variant nucleotide encodes a phenylalanine in rat IIA at amino acid position 860 in the S4 segment of homology domain II where the rat II sequence encodes leucine. All seven variant amino acids are listed in Table 1 . We have used RNase protection and polymerase chain reaction (PCR) amplification methods to examine the possibility that some of these residues may have arisen from cDNA cloning artifacts (data not shown). RNase protection experiments on rat brain RNA indicated that the 144 nucleotides (nucleotides 565-708 in ref. 4 ) that contain 22 of the total of 36 variant nucleotides found in the rat IIA sequence, including the codons for aspartate positions 189 and 209, were present in the in vivo rat IIA transcripts. On the other hand, PCR amplification and sequencing of the genomic DNA around nucleotide position 2580 clearly showed that the phenylalanine residue encoded here was due to an artifact of the cloning procedures. Leucine was encoded by the seven independent genomic sequences determined. We have not ruled out the possibility of cDNA artifacts in the remaining four variant nucleotides that cause changes in the protein sequence (1613, 1736, 3185, and 4066). Site-Directed Mutagenesis. To determine which residues were responsible for the altered gating properties of rat IIA, the codon for each of the variant amino acids was altered through site-directed mutagenesis. The seven variant amino acids were changed to the corresponding residues in rat II (Table 1) . Site-directed mutagenesis was carried out using the duF, ung-system (20) with oligonucleotides containing single base pair mismatches. Each altered subclone was sequenced and then placed back into the sodium channel construct pVA200. The final constructs were tested by restriction analysis to detect any rearrangements or abnormalities. Further manipulations were carried out to produce an a subunit that was altered at six of the seven sites (189, 209, 538, 1062, and 1356).
Expression of the Modified Sodium Channel Constructs. Individual constructs were linearized and RNA synthesis was carried out in vitro using T7 RNA polymerase (4) . Injection of RNA transcribed from the sodium channel constructs with altered residues at positions 189, 209, 538, 579, 1062, and 1356 independently and combined (pM123456) resulted in currents that exhibited similar depolarizing shifts in the I-V relationships as was observed for pVA200 RNA-induced currents (Fig. 1) . On the other hand, the single amino acid change at position 860 (Phe -+ Leu) resulted in sodium currents with a I-V relationship that peaks at -5 mV, indistinguishable from that induced by rat brain poly(A)+ RNA (Fig. 2) . In addition to restoration of the normal I-V relationship, this single amino acid substitution also dramatically increased the macroscopic sodium current in the injected oocytes. Currents approximately as large as those resulting from injection of 7 ng of pVA200 RNA were observed following injection ofonly 0.7 ng of pM860. When corrected for the shift in maximal conductance of M860 relative to VA200 (ca. -25 mV), these results imply an increase of at least 5-fold in numbers of functional channels expressed per unit amount of RNA.
As we have shown previously (4), macroscopic inactivation of rat IIA a subunit sodium channels is markedly slower than that of channels expressed from rat brain poly(A)+ RNA (Fig. 3) . Sodium channels with each of the altered residues shown in Table 1 also exhibited slower macroscopic inactivation (data not shown). In particular, sodium channels with the Phe --Leu substitution at amino acid position 860 demonstrated slow inactivation compared to rat brain poly(A)+ RNA-induced channels (Fig. 3) . This confirms that the specific amino acid substitution that restored the normal I-V curve did not affect the rate of macroscopic inactivation at the levels of expression studied. In addition, the steadystate voltage dependence of inactivation is similar for sodium channels resulting from injection of pVA200 RNA or pM860 RNA, with the single amino acid substitution. The Na' currents were recorded and I-V curves were plotted as described for Fig. 1 . The data represent the mean ± SEM for at least six oocytes for each sample. the probability of channel activation rather than from artifacts in electrophysiological recording from oocytes because (i) channels produced by rat II, rat IIA, and poly(A) Table 1 ). M123456 represents RNA from one clone containing the six mutations shown separately in the figure. that membrane depolarization causes a rotational twist of the S4 helix moving the positive charges during channel gating (1, 7) . Recently, this proposal has been supported by the results of site-specific mutagenesis of the rat brain sodium channel (18) . When positively charged residues in the S4 segments were replaced by neutral or negatively charged residues, activation was shifted along the voltage axis. Furthermore, such mutations of residues in the S4 segment of domain I reduced the slope ofthe voltage dependence curve, indicating direct involvement of these positive charges in gating. Although detailed mechanisms for channel gating must await determination of channel structure, the evidence for direct involvement of the positive charges in the S4 segments in the response to depolarization is compelling. The present study demonstrates that alteration of a single neutral residue, leucine-860, in the S4 sequence of domain II results in sodium channels with a shift in the I-V relationship of 20-25 mV toward more positive potentials. We believe that this shift arises from a change in the voltage dependence of (ii) sodium channels produced by M860 and VA200 give currents with similar time courses, and (iii) comparisons were made for current amplitudes differing by <2-fold, whereas I-V relationships were little affected by 10-fold changes in level of expression. The 20-to 25-mV shift in activation between VA200 and M860 is due to the alteration of a single neutral amino acid residue, leucine-860, in the S4 sequence of domain II (Fig. 4) . This shift is approximately equivalent to the shift in activation observed by Stuhmer et al. (18) from the combined neutralization of the two positive charges, 859 and 862, that are on each side of the leucine-860. We have considered several possible explanations for the dramatic effect of the Leu --Phe substitution.
One possibility is that the substitution of the larger, aromatic phenylalanine at site 860 disrupts the interactions of lysine-859 and lysine-862 with other elements of the voltage-sensing apparatus. The leucine resi~lue could be permissive for the critical interactions of the charges, but not directly involved in the process. The insertion of the larger, aromatic phenylalanine side chain may shift the S4 helix within the channel tertiary structure, physically obstruct the movement of the S4 segment, or create additional stable hydrophobic interactions with surrounding residues. On the other hand, the fact that phenylalanine residues do occur in the S4 segments of domains I and II and that phenylalanine and leucine occur at equivalent positions in IIS4 when comparing rat, eel, and Drosophila sequences (Fig. 4) supports the idea that phenylalanine is not necessarily disruptive to the S4 structure.
A second possibility is that leucine-860 participates directly in the interactions that are critical for voltage activation. Our observation that alteration of leucine 860 causes a dramatic change in gating behavior suggests that leucine 860 is involved in a critical interaction with one or more adjacent transmembrane helices. As shown in Fig. 4 Two other mutations analyzed in the present study alter charged residues that may be at the membrane surface. These alterations, aspartic acid-189 and aspartic acid-209, alter charged residues on opposite sides of transmembrane segment S3 (4) . Models of the sodium channel propose that the S3 segment may line the channel pore (12) . As shown in Fig.  1 
